Hybrid materials based on polyaniline (PAni) were obtained by in situ polymerization of aniline with chitosan and/or organically modified clay (nanomer I-24) in HCl. The samples were characterized by Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), scanning electron microscopy (SEM) and direct current (DC) electrical conductivity. Thin films of PAni, PAni-clay, PAni-chitosan and PAni-chitosan-clay were prepared by casting a solution of each sample in N-methyl-2-pyrrolidone (NMP) onto indium tin oxide (ITO)/glass electrodes and their electrochromic properties were investigated. It was observed color variation from transparent yellow in the reduced state (E = −0.2 V vs. Ag/AgCl), green in the intermediate state (E = 0.5 V) and dark blue in the oxidized state (E = 0.8 V) for all samples. The color changes of each material in function of the applied potential were tracked using the Commission Internationale de l'Eclairage (CIE) system of colorimetry, in which the color change was much more significant for PAni-clay film.
Introduction
Conjugated polymers have attracted the attention of academia and industries mainly because of their electrical, magnetic, and optical properties, which make them useful for applications in organic optoelectronic devices. Currently, the development of new hybrid materials based on conjugated polymers have afforded materials with excellent characteristics for application in organic light emitting diodes (OLEDs), 1,2 organic field effect transistors (OFETs), 3 organic solar cells (OSCs), 4 and electrochromic devices (ECDs). [5] [6] [7] Electrochromic materials based on conjugated polymers show many interesting properties such as multicolor, fast switching speed, flexibility and easy to optimize their properties through molecular tailoring. 8, 9 Among the organic polymeric electrochromic materials, polyaniline (PAni) has been widely studied due to many advantageous properties including high optical contrast (∆%T), environmental stability, easy synthesis, as well as comparatively low cost. 8 Furthermore, the high pseudocapacitance arising from the versatile redox reactions and its corresponding color changes make PAni promising candidate for electrochemical capacitors 10, 11 and ECDs. 12, 13 However, the difficulties in processing of PAni into films due to its very low solubility in most of the available solvents and the relatively poor mechanical properties decrease its performances and utilities in such applications.
Despite PAni can be synthesized by chemical 14 or electrochemical 15 polymerization methods described in the literature, PAni films with good mechanical properties and adherence to a surface are not usually achieved from the conventional chemical methods of synthesis, which yield PAni as an insoluble and infusible bulky powder. 16 In order to increase the processability and mechanical properties of PAni, significant efforts have been done in preparation of blends based on PAni with other appropriate polymers that have good physical properties, 17, 18 such as polystyrene, 19 polyamide, 20 and polysaccharides like cellulose, starch and chitosan. [21] [22] [23] Recently, in addition of the mixture of PAni with other polymers, it has been sought to improve such properties through the preparation of hybrid organic/inorganic composites by the incorporation of metal oxides (such as WO 3 28 or mesoporous materials such as SBA-15 and MCM-41, 29, 30 since they combine the advantages of conjugated conducting polymers and these fillers offering special properties arising from the combination of each component. Undertaking this challenge provides an opportunity for developing new materials with synergic behavior leading to improved performance or to new useful properties.
Our group has been synthesizing and characterizing a series of conjugated polymers, mainly polypyrrole, polythiophene and PAni derivatives and composites, aiming at their application in electrochromic devices. 7, [31] [32] [33] [34] [35] [36] [37] In the present paper, PAni, chitosan and clay hybrid materials were prepared in hydrochloric acid (HCl) medium in order to investigate the electrochromic properties of these materials in aqueous acid medium and to quantify the color changes of each hybrid material using the Commission Internationale de l'Eclairage (CIE) principles, 38, 39 aiming their application as active layers in ECDs.
Experimental

Chemicals
Aniline was distilled before use. Chitosan (deacetylation degree 85%; molecular weight 100,000-300,000), ammonium persulfate [(NH 4 ) 2 S 2 O 8 ], N-methyl-2-pyrrolidone (NMP), lithium perchlorate (LiClO 4 ), HCl and perchloric acid (HClO 4 ) were used as received. Organically modified montmorillonite clay (nanomer I-24) was supplied by Nanocor Inc., AMCOL International Corporation.
PAni synthesis
One milliliter of freshly distilled aniline was dissolved in 10.0 mL of 1.0 mol L −1 HCl and the solution was cooled to −10 o C. A solution containing 3.0 g of (NH 4 ) 2 S 2 O 8 dissolved in 40 mL of 1.0 mol L −1 HCl was slowly poured into the monomer solution, under vigorous stirring. The reaction temperature was maintained at −10 o C for 2 h. After this period, a dark green precipitate was recovered from the reaction mixture by filtration under reduced pressure and washed thoroughly with 50 mL of 1.0 mol L −1 HCl. The final powder product was dried under vacuum.
In situ synthesis of hybrid materials
PAni-clay samples were obtained by stirring 25 mg of nanomer I-24 and 50 mL of 1.0 mol L −1 HCl for 24 h in order to swell the clay. Then, 1.0 mL of aniline was added to the clay/HCl mixture and stirred for 1 h.
PAni-chitosan samples were obtained by adding 0.5 g of chitosan to 50 mL of 0.1 mol L −1 HCl and the resulting solution was stirred for 2 h. Next, 1.0 mL of aniline was added to the solution and the mixture was stirred for 1 h.
PAni-chitosan-clay samples were prepared by mixing 25 mg of nanomer I-24 and 50 mL of 1.0 mol L −1 HCl for 24 h, followed by addition of 0.5 g of chitosan and stirring for 2 h. One milliliter of aniline was then added, and the solution was stirred for 1 h.
In all the preparations, the polymerization step using (NH 4 ) 2 S 2 O 8 as oxidizing agent was accomplished as in the case of the PAni synthesis. The aniline, chitosan, and/or clay ratios used to prepare each sample are shown in Table 1 .
Deposition of the films onto indium tin oxide (ITO)/glass
Ten milligrams of each sample (PAni, PAni-clay, PAnichitosan and PAni-chitosan-clay) were dissolved in 1.0 mL of NMP. The films were obtained by casting (100 µL cm −2 ) onto ITO/glass electrodes (Delta Technologies, Loveland, CO, USA; Rs ca. 10 Ω cm). The covered area of each electrode (1.0 cm 2 ) was delimited by an adhesive tape and the coated electrodes were allowed to dry for 48 h at room temperature in a covered container. Each film was prepared using exactly the same conditions to guarantee that the films have similar thickness.
Characterization of the samples
Fourier transform infrared (FTIR) spectra were recorded using a Shimadzu IR-Prestige-21 spectrophotometer (Kyoto, Japan). X-Ray diffraction (XRD) patterns of powdered samples were recorded on a Rigaku diffractometer model MiniFlex (Tokyo, Japan) using Cu-Kα radiation. Scanning electron microscopy (SEM) images were recorded on a JEOL field emission scanning electron microscope, model JSM-7401F (Tokyo, Japan) using a secondary electron image (SEI) detector. The electrical conductivity was measured by a fourpoint method using a Jandel multi height probe with Jandel cylindrical probe head (25.4 nm diameter × 48.5 nm high), tip spacing of 1.591 nm controlled by the RM3-AR test unit (Jandel Engineering Ltd., Linslade, UK). The pressed pellets (15 mm in diameter and 0.50 mm in thickness) used in this measurement were prepared using 120 mg of the sample. Electrical conductivity of the pressed pellet was an average of eight values measured from two sides and in different places.
Spectroelectrochemistry
The characterization of the films deposited onto ITO/ glass electrodes was carried out using an Metrohm Autolab PGSTAT30 potentiostat interfaced with a computer, using the software provided by Autolab (Utrecht, Netherlands). A onecompartment, three-electrode cell was used to characterize the films. A platinum wire was used as counter electrode and Ag/AgCl (KCl sat. ) was employed as reference electrode. . Spectra were concurrently recorded in the range 300-1100 nm by employing an optical glass cuvette placed in the sample compartment of a Hewlett-Packard 8453 spectrophotometer (Palo Alto, CA, USA).
Color measurements of CIE 1931 xy chromaticity coordinates were performed using a Microsoft Excel ® (Redmond, WA, USA) spreadsheet developed by Mortimer and Varley. 38, 39 For simulation of midmorning to midafternoon natural light, the relative power distribution of a D55 constant temperature (5500 K blackbody radiation) standard illuminant was used in the calculations. Chromaticity coordinates were also transformed to L*a*b* coordinates, a uniform color space (CIELAB) defined by the CIE in 1976. 40, 41 and PAni (peaks at around 1600, 1500, 1300 and 790 cm −1 ). 42, 43 The bands associated with PAni remain unaltered in the FTIR spectra of the PAni-chitosan-clay and PAni-clay samples (Figures 1c and  1d, respectively) .
Results and Discussion
XRD analysis
On the basis of the strength of the PAni-clay interaction, structurally two different types of nanocomposites are thermodynamically achievable: (i) intercalated structures, where insertion of PAni chains into the interlayer of the clay lamellae occurs in a crystallographically regular fashion and a repeat distance of few nanometers; and (ii) exfoliated structures, in which the individual silicate layers are separated in polymer matrix. 44 The state of intercalation or exfoliation of nanoparticles has been established using XRD analysis by monitoring the position, shape, and intensity of the basal reflections from the distributed silicate layers.
The XRD patterns of the clay (Figure 2a clay. In Figure 2b it is possible to observe reflections at 2θ = 11.5 and 20.1 o , which is consistent with previous studies reporting the reflection pattern of chitosan, 43, 45 and can be attributed to the existence of amorphous and crystalline regions, respectively. 46, 47 The XRD pattern of the PAni (Figure 2c) shows the main characteristic peaks of the PAni crystalline orthorhombic structure at 2θ = 11.4, 15.2, 20.5 and 24.0 o , corresponding respectively to the basal planes (001), (010), (100) and (110). 48 In order to evaluate the interactions between PAni, chitosan and clay, the variation of d-spacing was calculated for each sample according to the Bragg's law from the angular position 2θ of the observed peaks shown in Figure 2 . The main reflections of the clay, chitosan and PAni were observed in the XRD patterns of each material. For the clay intercalated structures, the PAni chains get confined in the interlayers of the clay (nevertheless PAni chains should also be outside clay galleries) and the distance between the clay layers increases, 49 so that the intercalation of the PAni and PAni-chitosan into the clay interlayer (Figures 2d and 2f) was confirmed by the decrease of 2θ from 6. The XRD patterns of the PAni-chitosan (Figure 2e ) and PAni-chitosan-clay (Figure 2f) show a decrease in the relative intensity of the peak at 2θ = 24.0 o when compared to the other characteristic reflections of the PAni, which can be related to the decrease in the degree of crystallinity of the polymer, i.e., formation of more amorphous structures. 23 The comparison of these results with that found in an earlier work for samples prepared in p-toluenesulfonic acid (PTSA) 37 suggests that the way of interaction between PAni and chitosan depends on the synthesis medium. The analysis of the XRD pattern of the PAni-chitosan prepared in PTSA, shown in reference 37, indicates the formation of a grafted copolymer of PAni and chitosan. On the other hand, the XRD patterns of the PAni-chitosan samples prepared in HCl does not show the same behavior. In this case, a decrease in the degree of crystallinity of the material occurs, since the presence of chitosan prevents the formation of defined crystalline phases, which suggests the formation of a composite between PAni and chitosan.
These differences in the behavior of PAni-chitosan and PAni-chitosan-clay films synthesized in HCl and PTSA may be explained by the size of the dopant agent. PTSA is a bulky organic acid that can improve linearity of the PAni chain making it more susceptible to interchain reactions, or even with other polymers, such as chitosan. However, as HCl is smaller than PTSA, it makes the polymer more coiled and then less prone to side reactions. 
Morphology
The SEM images of the PAni (Figure 3a) , PAni-clay (Figure 3b ), PAni-chitosan (Figure 3c ) and PAni-chitosanclay (Figure 3d) show a characteristic rough morphology with globular grains and some agglomerates connected by fibrils, except for the PAni-clay sample that exhibits a more homogeneous and compacted aggregates with only a few evident fibrils.
According to Zhang et al., 50 chemical oxidative polymerization of aniline in aqueous acid using (NH 4 ) 2 S 2 O 8 as oxidant agent proceeds through the formation of large aggregates that act as seeds, influencing the overall morphology of the polymer. These aggregates are formed during the induction period just prior to the onset of polymerization and are believed to be aggregates of the anilinium cation and ammonium persulfate anion. Depending on the synthesis experimental conditions (such as ionic strength of the medium, temperature and concentration of the reagents), these aggregates can be spherical or rod-like with the latter leading to a fibrilar morphology of the PAni. Therefore, as all samples were synthesized using the same experimental conditions, only varying the addition of clay or chitosan to the system, the difference in the morphology of the PAni-clay sample when compared to the others can be attributed to the more efficient intercalation of the PAni into the clay interlayer. 
Electrical conductivity
Room temperature DC electrical conductivity values (Table 2) of PAni and its hybrids were measured. All materials have electrical conductivity in the same order of magnitude, even though PAni-chitosan and PAni-chitosanclay present lightly lower values. This behavior can be explained based on the contributions of intra-chain, interchain and inter-particle interactions of each material, since the electrical conductivity depends mainly on the number and mobility of charge carriers that can be correlated with chemical composition and morphology. Furthermore, crystallinity and tacticity play a role in evaluating the electrical properties of polymers. 23 The presence of clay decreases the imperfections of the PAni chain and particle agglomeration, making the PAni-clay composite more planar and conjugated, so the electrons can hop easily. In contrast, the presence of chitosan (a non-conductive polymer) in the PAni-chitosan and PAni-chitosan-clay samples decreases the crystallinity degree and also their electrical conductivity. Despite this, PAni-chitosan-clay presented conductivity values of the same order of magnitude of the other samples showing that the interaction between each compound is able to maintain the conductivity inherent to the PAni. Figure 4a shows the cyclic voltammograms of PAni, PAni-clay, PAni-chitosan and PAni-chitosan-clay films deposited onto ITO/glass, recorded in 0.1 mol L −1 LiClO 4 /0.1 mol L −1 HClO 4 . The shape of the cyclic voltammograms of the hybrid materials is similar to those PAni, in which were observed two redox pairs. The first redox pair (peaks I and I') was attributed to the leucoemeraldineemeraldine transition, whereas the second (peaks II and II') was assigned to the emeraldine-pernigraniline transition.
Spectroelectrochemical characterization
51
A comparison between the results found for the PAni and its hybrids prepared using HCl as dopant and the cyclic voltammograms of the samples prepared in PTSA 37 provides the following observations: (i) in aprotic medium, such as acetonitrile, the electrochemical feature of the PAni hybrid films was different from the samples prepared in HCl and characterized in aqueous acidic conditions, showing capacitive response with just a single defined redox process ( Figure 4b) ; and (ii) when HCl was used as dopant, the addition of chitosan to the PAni does not alter the electrochemical behavior of the PAni film, while the addition of clay promotes higher current densities and a slight displacement in the E pa and E pc of both peaks as compared with PAni (Table 3 ). This behavior can be attributed to the intercalation of the PAni into the clay lamellae that makes the PAni more planar enhancing the π-conjugation, which increases the current density when compared to pristine PAni. Furthermore, as the E pa and E pc values are related to the polymer doping/dedoping process, the intercalation of the PAni into the clay lamellae hinders the access of the counter-ion during the doping process causing the displacement of the peak potentials to more anodic values. On the other hand, the addition of chitosan or clay to the PAni synthesized in PTSA provided a synergistic effect in which the peak potential of PAni-chitosan and PAni-clay films was shifted to less anodic values. These differences suggest that the way of interaction between chitosan or clay and PAni is drastically affected by the dopant and the electrolyte.
The changes in the absorbance spectra of the PAni and its hybrid films as a function of the potential applied to the electrode during cyclic voltammetry are presented in Figure 5 . The ultraviolet-visible-near infrared (UV-Vis-NIR) spectra show the characteristic electrochromic behavior of PAni films, in which the color changes from yellowish green in the reduced state (E = −0.2 V vs. Ag/AgCl) to blue in the oxidized state (0.8 V). In the reduced state, one can notice a strong absorption peak at 317 nm, attributed to the yellow colored leucoemeraldine form of PAni (benzenoid π-π* transition). 15, 52 As the applied potential was increasing, a decrease in the intensity of the absorbance at 317 nm was observed simultaneously to the appearance of a new absorption at 443 nm, corresponding to the polymer in the neutral state (E = 0.0 V). At more anodic potentials, a new absorbance band in the NIR region (λ max = 1066 nm) can be seen concomitantly with the band at λ max = 443 nm, characteristic to the PAni emeraldine form. In the oxidized state (E = 0.8 V) the PAni spectrum shows the formation of two new bands at 624 nm and ca. 890 nm (badly defined peak) that can be assigned to the totally quinoid pernigraniline form of PAni. 53 The spectra of PAni (Figure 5a ) and PAni-chitosan (Figure 5c ) have similar features, including the shift of the absorption from the region near 890 nm towards 620-650 nm upon increasing potential, indicating the formation of quinoid structures in both materials. Therefore, it is possible suggest that the presence of chitosan in the PAni-chitosan hybrid does not modify the spectroelectrochemical behavior of the PAni. In contrast, at more anodic potentials (> 0.6 V) the absorption of PAni-clay (Figure 5b ) and PAni-chitosan-clay (Figure 5d ) shifts to shorter wavelength less markedly displaying a broad band in the NIR region, which indicates that the formation of the quinoid fragments in the PAni pernigraniline form is retarded.
In situ colorimetry has been utilized to precisely map the color trajectory associated with the spectral changes of the electrochromic polymers, [35] [36] [37] 52, 54 giving a numerical description of the color stimulus, and thus providing a more precise way to define color than qualitatively interpreting spectral absorption bands.
55 Figure 6 shows the CIE 1931 (x, y) chromaticity coordinates changes as a function of the applied potential for the PAni and PAni hybrid films as calculated from the in situ spectra of Figure 5 . In all films the color changes from transparent yellow (−0.2 V) to green and finally to blue (0.8 V), wherein this change is much more significant for the PAni-clay film. The color trajectory from −0.2 V to 0.8 V of the PAni and its hybrid films synthesized in HCl medium looks like a horseshoe, whereas the samples prepared using PTSA as dopant agent, 37 despite show the same color variation, display a different color trajectory looking like a semi-circle. Furthermore, in that case (PAni and hybrids prepared in PTSA medium) the color changes were more pronounced for the PAni-chitosan-clay film, in contrast to the results obtained for the samples prepared in HCl. These differences in the results obtained for the hybrid materials synthesized in HCl or in PTSA show the importance of the suitable choice of the acid/dopant agent depending on the final application to be given to the material.
According to the CIELAB (L*a*b*) chromaticity coordinates (Table 4) , with an increase of the applied potential from −0.2 to 0.5 V, a negative change (towards green) in a* occurs, coupled with a shift to less positive values in b*. This means that the color of the films becomes greener and less yellow when the applied potential increases up to 0.5 V (PAni emeraldine form). At potentials above 0.5 V, a* is still negative but its value become less negative while the potential increases and b* is negative (except for PAni-chitosan-clay with b* = 0), quantifying the perceived blue color state of the PAni pernigraniline form as a combination of green and blue at 0.8 V.
Conclusions
A series of PAni hybrid materials were successfully prepared by the polymerization in situ of aniline with clay and/or chitosan. According to the analysis of the results obtained from FTIR spectroscopy, XRD, SEM, DC electrical conductivity and spectroelectrochemical techniques one can notice that the properties of the films of PAni and its hybrid are strongly influenced by the dopant acid. It was observed the formation of a blend between PAni and chitosan for PAni-chitosan and PAni-chitosanclay samples synthesized in HCl, instead the formation of a copolymer as proposed for the PAni-chitosan sample prepared using PTSA in our recent work. 37 Furthermore, the electrochemical and spectroelectrochemical features of these samples synthesized in HCl were completely different from those ones in PTSA, indicating that the presence of chitosan and clay in the PAni structure affords hybrid materials that present different structure and properties as compared with its individual constituents (PAni, chitosan, and clay) or its constituents combined in pairs (PAni-clay, PAni-chitosan), and also when these materials are prepared in different media. Therefore, the preparation of hybrid materials based on PAni, chitosan and clay leads to new interesting combinations of the properties observed in the corresponding starting materials The enhanced electrochromic properties of the PAni hybrid films, particularly the PAni-clay film that shows intense color variation from yellow to green and blue in function of the applied potential, are interesting for the application of these materials as active layers in ECDs, such as displays and smart windows. and is an important tool for the fine-tuning of color of PAni composite films with a view to electrochromic applications.
